Solvent-free and solvent-less slipping-on of the dibenzo-24-crown-8 (DB24C8) over the Nhydroxysuccinimide end of an ammonium-containing thread has been studied and compared to the same reaction operated in solution. Slippage proved to be possible in solvent-free conditions, but the fastest slippage was obtained under heating when preliminary Liquid-Assisted Grinding (LAG) conditions were applied to the reactants followed by aging under an atmosphere of acetonitrile.
The recently awarded 2016 Nobel Prize in chemistry 1 has put a light on molecular machines. 2 Some of these machines benet from their interlocked molecular architecture 3 so that the relative displacement of one interlaced element among others becomes possible and controllable. Hence, the straightforward synthesis of interlocked molecules is appealing in order to access novel molecular machines. Using the slippage strategy, 4 we recently reported the preparation of an insulated and storable, albeit activated, N-hydroxysuccinimide (NHS) estercontaining [2]rotaxane building block (Scheme 1 and entry 1 of Table 1 ). 5 This compound is a valuable activated building block for post-interlocking elongation of the encircled axle using bulky amino compounds. 6 As the mechanism of such aminolysis reactions preserves the mechanical bond, it allowed the efficient and straightforward preparation of more sophisticated interlocked compounds such as [2] and [3] rotaxane molecular shuttles. 5, 6 Improving the access to the NHS estercontaining [2]rotaxane building block 2 is therefore of real interest. This is particularly justied since in acetonitrile solution, the slipping-on of the DB24C8 (3 equiv.) over the NHS extremity of an ammonium-containing thread (at a concentration of 3 Â 10 À2 M) is very slow and necessitates heating (13 days and 333 K, respectively). In this paper, we wondered if this slipping-on process could be possible, nay improved, by drastically reducing the amount of solvent. Since solvent-free/ solvent-less conditions are highly prone to induce mass transfer limitations, utilisation of ball-milling was envisaged. Indeed it was previously shown that ball-milling could improve the speed of inherently slow reactions. 7 A few examples of solventfree/solvent-less synthesis of rotaxanes have been reported to date, 8 and to the best of our knowledge, only three of these examples are related to slippage process through a co-melting process 9 or an immediate solvent evaporation method. 10 Herein, different experimental procedures were considered to yield the activated [2]rotaxane 2: solvent-free grinding, 11 Liquid-Assisted Grinding (LAG), 12 and aging by heating with or without an acetonitrile atmosphere. 13 LAG is dened as the use of small amounts of a non-reactive liquid during grinding. 14 It has been shown by us and by other research groups to have a considerable effect on the course of reactions run under mechanical forces. 15 Besides, aging is the action of letting the reaction take place in the absence of any mechanical agitation. This reactivity Scheme 1 Slippage process of the NHS ester-containing molecular axle 1 by the DB24C8.
is based on the inherent mobility of molecules and can be accelerated by the presence of vapours and/or a slight heating in the presence, or not, of a catalyst. 16 Both LAG and aging are processes that are using generally much lower quantities of solvents compared to traditional solvent-based syntheses, and therefore are generally qualied as "solvent-less" processes. The results of these slipping-on experiments are shown in Fig. 1 and Table 1 and compared to that realized anteriorly in acetonitrile.
In acetonitrile solution at 333 K, 17 the reaction proceeded slowly (312 h -13 daysto reach the equilibrium, corresponding to a conversion of 72%) because of the bulkiness of the NHS ester with respect to the size of the inner diameter of the DB24C8 (entry 1, Table 1 and Fig. 1 ). The slippage was then attempted at room temperature under solvent-free conditions: aer 1 equiv. of thread 1 have been mixed with a spatula for few minutes with 3 equiv. of DB24C8 then let reacting without any mixing under ambient conditions for 505 hours (21 days) (entry 2, Table 1 ), only 3% of [2]rotaxane 2 was obtained! By comparison, if Liquid-Assisted Grinding (LAG) was applied to the same ratio of reactants with acetonitrile as the liquid grinding assistant (0.2 mL mg À1 ) (entry 3, Table 1 ), a slightly larger amount of [2]rotaxane 2 was obtained (5%), however in a much shorter time (1 h) .
This result could be explained by the reduction of the particle size induced by ball-milling, while the small amount of acetonitrile might have helped in the homogenization of the reaction mixture. Although favouring the reaction, reaching complete conversion by using a ball-mill would imply very long milling time. Therefore, ball-milling was used thereaer for preliminary grinding as a plus to homogenize and most probably to reduce the particle size of the reactants mixture, while other approaches were envisaged to reach complete conversion.
Heating the mixture of solids was rst considered to evaluate the contribution of the temperature factor on the efficacy of the slippage reaction in the absence of solvent. We thus reproduced the experimental conditions of entry 2 albeit at 333 K under an Ar atmosphere (entry 4, Table 1 and Fig. 1 ). 18 No signicant improvement was noticed for the conversion yield in [2]rotaxane 2 nor for the time to reach the equilibrium of the reaction. Adding to this experiment a preliminary 1 h grinding period in the vibrating ball-mill afforded a slight improvement probably due to the more intimate mixing of the reactants (entry 5, Table 1 and Fig. 1) . The same ratio of rotaxane 2 was observed if 0.2 mL of acetonitrile (per mg of reactants) is added to the ball-mill as a liquid-grinding assistant (entry 6, Table 1 , Fig. 1 ). For all these solvent-free/solvent-less experiments that were carried out at 333 K, the time to reach the equilibrium of the slippage reaction proved to be much longer than that realized in solution (entries 1 and 4-6, Fig. 1 ). However, it became lower if the solid mixture was heated at 333 K under an acetonitrile atmosphere (entries 7-8, Table 1 , Fig. 1 ). This procedure, called "aging", has been recently described by other groups as a valuable, low-energy demanding and solvent-less alternative to classical synthesis in solution. 19 In the absence of preliminary grinding, 58% of rotaxane 2 could be obtained aer 72 h under an acetonitrile atmosphere (entry 7, Table 1 ). Even though the equilibration time was lowered, the yield of rotaxane 2 seemed capped, probably due to the lack of homogenization of the solids mixture. Preceding the heating by a liquid-assisted grinding solved this problem (entry 8, Table 1 ). In this case, the ratio of rotaxane 2 increased to 89% and the time to reach the equilibrium was the fastest (about 149 h). 20 By directly comparing with the reaction operated in solution (entry 1), the ratio of rotaxane 2 was higher (89% vs. 72%) and most of all, the time to reach the equilibrium was more than twice lower (149 h vs. 312 h).
In conclusion, slippage process of thread 1 by the DB24C8 was proved possible in the absence of solvent although 1 Kinetics comparison of the slipping-on relative to the formation of rotaxane 2 from 1. Corresponding experimental procedures are given in Table 1 . Conversion ratio of rotaxane 2 was calculated from subsequent 1 H NMR analysis of the mixture. For sake of clarity, curves corresponding to entries 2 and 3 were omitted.
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producing [2]rotaxane 2 in very low yields (3-10%) . In the absence of any acetonitrile atmosphere, the rate of the rotaxane formation was much slower than in solution and preliminary grinding did not afford signicant improvement. On the opposite, the ratio of rotaxane as well as the time to reach the equilibrium of its formation could be tremendously enhanced when combining preliminary grinding with heating at 333 K under an acetonitrile atmosphere. Noteworthy, the aging-based solvent-less slippage, which occurred in the presence of a 216 times lesser quantity of acetonitrile than in solution, resulted in a time to reach the equilibrium more than twice shorter and an improved yield ratio of 24%. It demonstrates that combining ball-milling with accelerated aging is an easy and efficient protocol that should be envisaged to facilitate the inherently slow formation of other sophisticated interlocked molecules.
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Notes and references the sample keeps a slightly pasty solid appearance. The quantity of acetonitrile which has been absorbed by the solid mixture has been quantied. For each vial, it corresponds to 4.1 ml of acetonitrile, that is 216 times less than the quantity used for slippage in solution (entry 1, Table 1 ).
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